The Ocean Microbiome: Metabolic Engine of the Marine Carbon Cycle
Sea-surface microorganisms fix carbon dioxide, fueling a dynamic community of heterotrophic bacteria at the surface and in the depths of the ocean
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Microorganisms are the foundation of the marine carbon cycle. Photosynthetic cyanobacteria and eukaryotic phytoplankton in the surface ocean use solar energy to convert carbon dioxide into energy-rich organic compounds ("carbon fıxation") that are then released when the organisms are grazed or lysed. This in turn fuels a dynamic community of heterotrophic bacteria in both the surface and deep oceans. Over a year, oceanic phytoplankton species fıx as much carbon as do land plants.
While most of this fıxed carbon is respired as carbon dioxide within minutes to months, a signifıcant fraction sinks into the ocean depths as particulate and dissolved organic matter, where it can be sequestered from the atmosphere for decades to millennia. The balance between carbon fıxation and carbon remineralization is a key parameter in the global carbon cycle and affects the carbon-carrying capacity of the ocean as well as atmospheric carbon dioxide levels and ultimately global climate. This balance is a direct product of microbial metabolism, influenced by the diversity, physiology, and ecology of the members of the ocean microbiome.
The metabolic activity of marine microbes affects the chemical composition of their surroundings-in particular, the variety of organic molecules dissolved in seawater. This molecular assortment, commonly called dissolved organic matter (DOM), is a heterogeneous mixture of reduced carbon compounds containing molecules of recent biological origin in addition to molecules that have circled the global ocean for thousands of years.
As the reservoir for growth substrates, cofactors, and organic nutrients required by both heterotrophic and autotrophic microbes, this molecular soup has been subjected to a century of (still ongoing) scrutiny. However, its composition defıes easy characterization because its many biologically produced molecules are present at vanishingly low concentrations and these molecules are chemically heterogeneous, challenging conventional analytical methods. Early studies focused on the turnover of biological monomers such as amino acids and sugars, based on the reasonable premise that the most important compounds cycling through seawater would resemble the metabolomes of living microbes. Although these studies transformed our view of the carbon cycle, the concentrations and fluxes of these compounds are too small to explain the bulk of carbon turnover, and thus other biologically signifı-cant molecules must be identifıed.
➤ Reference genomic sequences for marine bacteria, archaea, and microbial eukaryotes are proving instrumental in mining community-level sequence data to understand the metabolic functions within various ocean habitats.
➤ Laboratory-based and field studies are beginning to fill in details about the intricate metabolic interactions that occur between dissolved organic matter and marine microbial communities.
➤ New bioinformatics methods are leveraging more traditional analytical methods to work toward predicting how microbes and dissolved organic matter respond to our changing climate and how those responses in turn affect the global carbon cycle.
of distinct members that span wide ranges of abundance and amenability to characterization. Nevertheless, these complex mixtures are being examined in tandem, with the aid of advanced analytical and informatics tools, including nextgeneration sequencing. These efforts are leading to comprehensive surveys of microbial diversity over time and space in the ocean, building on studies of rRNA gene sequence analysis that began in the early 1990s. Information about many hundreds of genomes and transcriptomes from marine bacteria, archaea, and microbial eukaryotes is now available. These reference sequences are proving instrumental in mining community-level sequence data to understand the metabolic functions within various ocean habitats. Similar efforts are under way to elucidate the imprint of these metabolic capabilities on the pool of organic molecules in the surface ocean.
Indeed, the labile component of DOM can be considered the "exo-metabolome," or the chemical footprint, of microbial activity. As such, advanced analytical techniques, often based on mass spectrometry, are starting to identify the key molecules produced or consumed by different microbes. Consequently, our understanding of the chemical language of the ocean microbiome is growing with every study. As data streams from microbiology and analytical chemistry grow in number and complexity, informatics tools are being developed to integrate these complementary datasets and to develop novel hypotheses about microbial metabolism in the oceans.
Probing the Seawater Exo-Metabolome
Model organisms are a critical tool for investigating the metabolic capabilities of marine microbes in relationship to the composition of growth substrates in DOM. These studies include targeted growth experiments with phytoplankton, following their release of defıned molecules such as glyoxylate, dimethylsulfoniopropionate (DMSP), and methylamines. They also range to more complicated experiments with complex mixtures of organic substrates, including phytoplankton lysates.
For example, a strain of the gammaproteobacterium Alteromonas that was isolated from surface seawater can remove DOM from coastal seawater as rapidly as the full natural microbial consortium, but only up to a point, according to Byron Pedler and his coworkers at the Scripps Institute of Oceanography. Once the most labile material was removed, they found that the isolate stopped consuming DOM, whereas the more diverse microbial community continued to degrade the semi-labile DOM. Drawing on its limited numbers of transporters and metabolic pathways, this or other single species may carry the metabolic capacity to degrade a range of recently released metabolites from phytoplankton and other cells. However, to use the chemically diverse and dilute DOM components that remain after that initial drawdown, a more diverse array of organisms containing more specialized exoenzymes, transporters, and metabolic pathways, may be required to complete this broader undertaking.
Field experiments, based on systems biology tools such as metagenomics, metatranscriptomics, and metaproteomics, are providing valuable insights into the metabolic capabilities of marine microbes. For instance, when surface microbial communities of the oligotrophic Pacifıc Ocean are bathed in high-molecular-weight DOM, gene expression patterns change with time, indicating successive shifts in metabolic capabilities, according to Jay McCarren and coworkers from the Massachusetts Institute of Technology (MIT). Initially, genes associated with carbohydrate and fatty acid metabolism are upregulated. Later, one-carbon metabolic pathways increase in importance.
The MIT study begins to highlight the complexity of the metabolic response of microbes to their chemical environment. As much as 30 -45% of the genes and their protein products of the marine microorganisms whose metabolic capabilities are being monitored is poorly annotated, if at all. Thus further chemical insights into the nature of organic substrates in seawater will provide important clues to the role and function of these unknown metabolic pathways.
To learn more about the compounds making up the seawater exo-metabolome, Cara Fiore and coworkers at the Woods Hole Oceanographic Institution examined the composition of exudates from Synechococcus elongatus, a coastal strain of a common group of marine cyanobacteria. Using methods adapted from metabolomics, they identifıed and quantifıed compounds released into the seawater medium by S. elongatus. Many of the metabolites are products of known biochemical pathways, such as the aromatic amino acids tryptophan and phenylalanine.
Some of the metabolites that those cells released, however, were not predicted by genome annotation. For example, the cells released thymidine, even though the gene for the enzyme needed to dephosphorylate thymidine-containing residues of DNA is not present in Synechococcus genomes. Similarly, cells released kynurenine, an oxidized derivative of tryptophan, despite the absence of genes for the tryptophan catabolic pathway. This suggests that either nonenzymatic reactions may be releasing these molecules or they are products of as-yet-uncharacterized enzymatic pathways. Although the availability of a sequence helps in identifying possible sources of these molecules, genome sequences are not suffıcient to predict all molecules produced or released by a cell.
Mass Spectrometry Helps To Pinpoint Metabolic Outcomes
In the search for the molecules that form the basis of microbe-DOM interactions, new mass spectrometry (MS) tools are helping oceanographers to characterize the dominant organic compounds in seawater. Fingerprinting tools such as ultrahigh-resolution MS are capable of measuring the masses of thousands of molecules at once. These instruments can discern very small differences in mass, below the mass of an electron, and so can be used to determine the elemental composition of individual molecules in natural waters. When used in comparative analyses, suites of molecules can be identifıed that are associated with DOM sources, microbial metabolism, or abiotic processes such as photochemistry.
One question to address is whether microbial degradation competes with sunlight-driven photodegradation in the transformation of freshly produced phytoplankton DOM, according to Thais Bittar from the University of Georgia Skidaway Institute of Oceanography and her collaborators. They isolated intracellular DOM (metabolites) and extracellular DOM (exometabolites) from axenic populations of the cyanobacterium Microcystis aeruginosa, and then measured the extent to which the microorganisms used DOM before and after photodegradation. Ultrahigh-resolution MS was used to identify whether and to what extent molecules are biologically or photochemically labile. Their fındings indicate that surface-water microbes are in a race with the sun to use recently photosynthesized molecules.
These and similar experimental designs and analytical tools are able to discern how extremely complex mixtures of DOM are being produced, processed, and used. Integrating these molecularlevel data with biological parameters, such as microbial diversity, or with environmental parameters, such as light levels, can provide clues to the molecular-level changes that affect microbial productivity and the processing of organic matter in the ocean.
Examining Metabolic Relationships between Plankton Species-and Beyond
Other recent investigations have delved deeply into relationships between individual species of plankton, examining how these one-to-one relationships are mediated through DOM. For example, the diatom Thalassiosira pseudonana and the heterotrophic alphaproteobacterium Ruegeria pomeroyi form a chemical partnership in coculture, according to Bryndan Durham, now at the University of Washington, and her collaborators there and from the University of Georgia. Thus, the bacteria provide vitamin B 12 to the diatoms, which in exchange provide organic matter to the bacteria. By examining the transcriptomes of both microbes, the researchers learned that a bacterial transporter for dihydroxypropanesulfonate (DHPS) was signifıcantly upregulated when the two microbes grew together. From this fınding, they surmised that this poorly known sulfonate was released by the diatoms and subsequently used as a major substrate by the bacteria.
Metabolite analysis shows signifıcant intracellular concentrations of DHPS in the diatoms, according to Durham and coworkers. They then identifıed this metabolite in fıeld samples collected from the eastern Pacifıc Ocean. By uncovering DHPS as a potentially signifıcant reservoir of organic carbon and sulfur in seawater, this study underscores how little we know about microbial metabolites that might play key ecological roles in the ocean. It is certain that other such molecules and relationships remain to be discovered. Integrations of genome-based data with chemical data and complementary fıeld and laboratory studies are providing a solid foundation to generate and evaluate forthcoming hypotheses about comparable metabolic interactions within the ocean environment.
Developments in informatics will make it increasingly tractable to integrate chemistry and biology data from which to derive insights into the interdependence of microbes and DOM. Research Coordination Networks and other community efforts such as the EarthCube Oceanography and Geobiology Environmental 'Omics RCN (ECOGEO), led by Edward DeLong at the University of Hawaii, seek to provide input and direction regarding these efforts to study microbial oceanography.
On a broader scale, data repositories that support visualizing phylogenetic and chemical data in geographic terms will help us to identify geospatial patterns in microbial diversity (www .bco-dmo.org). Further, biogeochemical modelers are beginning to incorporate gene expression and/or abundance data into their models of ecosystem processes. In parallel, tools being developed for use in other fıelds will prove useful when applied to oceanography. For example, Pieter Dorrestein at the University of California, San Diego, and his collaborators are developing Web-based crowd-sourcing technologies to identify unknown chemical structures (gnps.ucsd.edu). Likewise, pathway tools that integrate metabolites with metabolic models generated from genome sequences provide a potentially useful means for predicting individual molecules within specifıc microbes (MetaCyc; metacyc. org).
Outlook for the Future
Understanding the function of microbiomes is a rapidly advancing scientifıc frontier, with burgeoning numbers of studies in both human host systems and natural environments. In a recent call for a Unifıed Microbiome Initiative, a group of scientists identifıed high-priority projects for 
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immediate attention, including the role of microbes in carbon cycling of the ocean and the role of organic molecules in mediating cellular metabolism and community function. The exometabolome of the ocean is central to both of these efforts, providing a link between microbial activity and the marine carbon cycle.
Other ambitious undertakings that involve mapping microbes across the oceans, including the Global Ocean Sampling and Tara Oceans projects, are providing unprecedented views of the spatial variability of microbes around the planet. Integrating these emerging views of microbial communities with our expanding knowledge of their metabolic roles in the carbon cycle will greatly advance our ability to understand and, eventually, predict how microbes respond to our changing climate and how those responses might in turn affect the global carbon cycle. Competition between photochemical and biological 
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